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Abstract 

Breast cancer (BC) is still the most diagnosed cancer for females with an increased focus on immunotherapy 
as a promising precise treatment. Selecting appropriate patients and monitoring patient treatments are crucial 
to ensure higher response rates with low adverse events. Various biomarkers were proposed to predict immuno-
therapy response, including tumor mutation burden, immune cell, and tumor microenvironment expression. How-
ever, traditional methods for evaluating immunotherapy are invasive and inaccurate, and their assessments could 
be biased due to the variability in quantification techniques. Artificial intelligence (AI) has emerged as a powerful 
technology that addresses these challenges, handling heterogeneous data to identify complex patterns and offering 
accurate and non-invasive solutions. In this paper, we review emerging AI-based models for immunotherapy predic-
tion in BC using diverse biomarkers. We first discussed the application of AI models for each biomarker, highlighting 
both direct prediction of immunotherapy response and prognosis, as well as indirect approaches via the identifica-
tion of immune subtypes or specific predictive biomarkers. Then, we investigated the integration of all biomark-
ers in multi-modal AI approaches for a precise and personalized prediction of immunotherapy response. We have 
also addressed the implication of integrating AI in the healthcare ecosystem with other new technologies, includ-
ing nanodevices, and wearable technologies. We further elucidated the role of AI and healthcare providers with this 
convergence of personalized medicine and demonstrated its role in enhancing population health management 
and supporting personalized patient care.
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Background
Breast cancer (BC) is the most diagnosed cancer occur-
ring among women, with 2.29 million new cases and 
666,103 deaths in 2022, based on the latest Global Can-
cer Observatory Statistics. With 11.6% of all cancers, new 
cases in BC are estimated to reach 2.42 million by 2025 
(Kim et  al. 2025). BC is identified based on the immu-
nohistochemical measures of estrogen receptor (ER), 
antigen Ki-67 (Ki-67), human epidermal growth fac-
tor receptor 2 (HER2), and progesterone receptor (PR) 
(Cuzick et al. 2011). Luminal A (ER/PR +, HER2 −, Ki67 
+ < 20%) is the most frequent subtype of BC, character-
ized by a lower proliferation rate and a better prognosis 
with high overall and disease-free survival rates. In con-
trast to luminal A, luminal B (ER/PR + < 20%, HER2 −, 
Ki67 + ≥ 20%) is an intermediate/high histologic grade 
representing 15–20% of all BCs. The elevated Ki-67 and 
other molecular mechanisms contribute to this subtype’s 
aggressiveness and poorer prognosis. Triple-negative BC 
(TNBC) is the most challenging subtype, accounting for 
less than 15% of BC subtypes. TNBC is more aggressive 
with high recurrence and mortality rates (Barzaman et al. 
2020; Abubakar et al. 2019; Goldhirsch et al. 2013).

Due to the heterogeneity of BC, treatment options vary 
according to the subtype, stage, grade, and some specific 
molecular markers. Therefore, efforts have been invested 
in developing new treatment strategies that guarantee 
better survival. Surgery is part of the traditional treat-
ments, while chemotherapy and immunotherapy are 
considered personalized treatments. Immunotherapy, 
especially immune checkpoint inhibitors (ICIs), has 
recently shown promising results in cancer treatment. By 
enhancing the body’s natural immune system, it targets 
cancer cells and blocks checkpoint proteins. Programmed 
cell death receptor 1 (PD-1) and programmed cell death 1 
ligand 1 (PD-L1) are the widely approved inhibitors along 
with the cytotoxic T lymphocyte-associated antigen 
(CTLA-4) (Shiravand et  al. 2022; Pardoll 2012). Other 
studies investigate novel inhibitors such as lymphocyte 
activation gene-3 (LAG-3), VISTA, and B7-H3 (Rivoltini 
et al. 2024; Dirix and Triebel 2019; Curigliano et al. 2021; 
Lee et al. 2017).

Although ICIs have breakthroughs and promising 
results in cancer treatment, ongoing research is still 
needed to overcome its limitations such as immune-
related adverse effects (irAEs), resistance, tolerance 
of therapy, upregulation of inhibitory pathways, and 
inconsistency in treatment response. An estimated rate 
of 43.6% of cancer patients in the USA were eligible for 
ICI and only 12.5% responded to it (Haslam et al. 2020). 
This variability in response is mainly due to the patient’s 
clinical and tumor heterogeneity. TNBC is known for its 
immunogenic and heterogenic tumor microenvironment, 

which regulates the proliferation and metastasis of can-
cerous cells. The expression of multiple components of 
the TME has a prognostic role, including tumor-infil-
trating lymphocytes (TILs), CD8 + T cells, activated 
NK cells, and the CD8 +/Treg ratio (Dieci et  al. 2021; 
Tavares et  al. 2021). Furthermore, the high cost of ICI 
drugs/agents, the low response rate to ICI, and severe 
irAEs highlight the need for reliable biomarkers to strat-
ify patients before receiving ICIs as well as facilitate the 
identification of optimal alternate treatment protocols 
for non-responsive patients. PD-L1 expression, such as 
combined positive score or circulating tumor cells, is the 
primary and common method to identify patients for ICI 
(Zhou et al. 2023; Gruosso et al. 2019). However, differ-
ent clinical trials have been approved to assess PD-L1 
levels which can impact patient selection (Qi et al. 2022).

Given those challenges, suitable biomarkers represent 
a powerful tool for identifying patients eligible for ICIs. 
PD-L1 expression, tumor mutation burden (TMB), TILs, 
and microsatellite instability (MSI) or mismatch repair 
deficiency are some of the biomarkers used to predict 
response to immunotherapy in BC (Qi et  al. 2022; Cui 
et al. 2023; Presti et al. 2022; Carlino et al. 2022).

However, these conventional biomarkers offer limited 
predictive power due to unstandardized quantification, 
the complexity of the tumor immune microenvironment, 
and its variability. Besides, these biomarkers are often 
manually assessed and vary depending on the tumor 
regions, affecting their overall predictive potential.

To address these limitations and further unravel the 
complexity of cancer immunotherapy, AI has emerged as 
a powerful tool offering novel strategies to improve bio-
marker discovery and predict immunotherapy response. 
AI techniques can compute and integrate high-dimen-
sional data such as genomics, hematology, and tran-
scriptomics to generate immune signatures or discover 
novel immune subtypes associated with immunotherapy 
response. Furthermore, as immunotherapy biomarkers 
like TMB or TILs fail at predicting response across BC 
subtypes, incorporating AI approaches as multimodal 
allows the integration of different data types (genomic 
mutations, clinical data, and imagery) to stratify patients 
with higher accuracy. Another key advantage of the AI 
approach is the possibility to model temporal data and 
longitudinal data, offering a better prediction of resist-
ance mechanisms and simulating their pathways. In the 
present review, we aim to explore the recent advance-
ments in artificial intelligence (AI) applications in BC 
immunotherapy, highlighting research across various 
omics fields.

We conducted a structured literature search across 
several databases, such as PubMed, Scopus, WOS, and 
Google Scholar. The search included relevant research 
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articles, conference papers, and reviews published 
between January 2020 and February 2025. We consid-
ered the following inclusion criteria: (1) Any type of 
immunotherapy or combined with other treatments; 
(2) Neoadjuvant immunotherapy; (3) Pan-cancer stud-
ies that included a breast cancer dataset representing at 
least 10% of the total samples; and (4) Articles written in 
English. We used combinations of the relevant keywords 
and medical subject headings (MeSH) terms for artificial 
intelligence, immunotherapy, breast cancer, nanotechnol-
ogy, and computational modeling.

Selected articles were categorized based on their 
approach into single-omics studies, analyzing single bio-
logical data types, and multi-omics studies integrating 
two or more omics types. The present review is struc-
tured as follows: Firstly, we presented AI-based applica-
tions in single-omics analyses, including transcriptomic, 
microbiomic, genomic, epigenomic, proteomic, radiomic, 
and histopathological data. Multi-omics studies followed, 
where we discussed how integrative approaches lever-
age the prediction of immunotherapy response. Subse-
quently, we explored computational modeling strategies 
and the application of nanotherapy in BC immunother-
apy prediction. Finally, we discussed the limitations and 
future directions of AI and nanotechnologies.

Table 1 compiles all the referenced studies mentioned 
in this review, categorized according to their respective 
omics fields.

AI‑based transcriptomic analysis
AI models have been employed to predict immunother-
apy response by leveraging different transcriptomic bio-
markers such as immune-related gene signatures, tumor 
microenvironment (TME) profiles, and subtype-specific 
gene expression. Transcriptomic data obtained from 
bulk, single-cell RNA sequencing, or spatial transcrip-
tomics enables AI models to identify predictive genes and 
understand the cellular dynamics that regulate response 
or resistance to immunotherapy treatments.

Studies have integrated AI models with transcriptomic 
data to complete different tasks, from signature predic-
tion to predictive modeling of immunotherapy outcomes. 
A detailed summary of these studies is presented in 
Table 1. Some studies have focused on immune infiltra-
tion and subtype classification. They used unsupervised 
clustering and kmers to stratify BC samples into immune 
subtypes, identify differentially expressed genes (DEGs), 
and employ models such as random forest (RF) and mul-
tilayer perceptron (MLP) to create the predictive model. 
Other studies developed tumor microenvironment 
(TME)-associated gene signatures to predict immune 
checkpoint therapy response by capturing immune cells, 
tumor cells, stromal cells, and the extracellular matrix. 

Researchers widely use LASSO, Cox regression, and 
random survival forests (RSF) for feature selection and 
prognosis model construction. Gene signatures linked 
to pathological complete response (pCR) and residual 
disease (RD) status were also employed to predict ICI 
responses in BC patients. Another major focus has been 
on metabolism-related gene signatures, particularly those 
linked to redox balance, anoikis resistance, glutamine 
metabolism, palmitoylation, and lactate-hypoxia inter-
actions. Multiple models were applied and compared to 
create the predictive scores, followed by TIDE or ESTI-
MATE analysis and correlation with drug sensitivity for 
validation.

A noticeable remark in these studies is the gene sig-
nature formula used, which varies depending on the 
prediction task. While the majority of studies adopted 
linear models (LASSO, SVM, and Elastic Net) to com-
pute the signature score using the expression of the genes 
with their respective coefficients, other studies applied 
PCA on the genes to construct continuous scores. For 
instance, Gou et  al. constructed a tumor microenviron-
ment-related gene score by summing PC1 and PC2 val-
ues derived from PCA on the TME-related genes. This 
approach allowed the authors to capture multiple dimen-
sions of tumor microenvironment activity, including 
immune and stromal signals, thereby producing a more 
comprehensive and biologically informed score to strat-
ify patients (Gou et  al. 2022). A different approach was 
adopted by Lu et al., where they constructed a principal 
component-based gene score to distinguish patients who 
can benefit from ICI by identifying the PC1 of the pCR-
associated genes (up in responders) and subtracting the 
PC1 of the RD-associated genes (up in non-responders). 
By computing both types of expression genes indepen-
dently, they provided a precise scoring method to better 
represent the relationship between immune activation 
and resistance mechanisms and stratify patients who are 
likely to benefit from immunotherapy (Lu et al. 2024).

​Regarding the model architectures, LASSO, Cox 
regression, and RF are widely used in clinical gene sig-
natures and for survival prediction, mostly due to their 
transparency, simplicity, and suitability for high-dimen-
sional data. Model performances range around 0.70 
(Zhang et  al. 2024; Zhu et  al. 2024a; Shen et  al. 2023). 
While these algorithms offer a strong ranking method 
and a large validation technique, such as cross-valida-
tion and C-index, something they lack is non-linear 
effects, thereby not being able to model complex bio-
logical relationships necessitating heavy validation 
techniques. In contrast to these traditional models, sev-
eral risk scores were constructed using more advanced 
or hybrid approaches. AIARS (Wang et  al. 2024) and 
AIDAS (Guo et  al. 2024) were computed following an 
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extensive workflow composed of a combination of mul-
tiple machine learning algorithms like Random Survival 
Forest (RSF), LASSO, Ridge, and CoxBoost compared 
using the mean C-index across multiple cohorts. This 
demonstrated the utility of ensemble and compara-
tive ML designs in the selection of representative genes 
while maintaining good generalizability. scCURE, on 
the other hand, combined Gaussian mixture models and 
mutual nearest-neighbor criteria to analyze changed and 
unchanged immune-related cells during immunotherapy 
in BC patients (Zou et  al. 2023). A neural network was 
constructed to predict immunotherapy based on the 
expression of signature genes, achieving a 100% area 
under the curve (AUC) when evaluated in an independ-
ent validation set (Bao et  al. 2020). These models high-
light how AI frameworks can efficiently uncover complex 
patterns from high-dimensional transcriptomic data but 
at the same time could overfit. Besides this, the majority 
of DL models require large sample sizes, and their pre-
dictions are harder to explain.

Using the bulk and single-cell transcriptomic data 
allows for a wide biomarker discovery. Over 12 different 
biomarkers were identified in this review as predictive of 
immunotherapy using computational approaches. Some 
biomarkers are well-established and previously validated 
in BC, while others remain novel and require further vali-
dation. This highlights the growing interest in integrating 
mechanistic insights such as redox, anoikis, and palmi-
toylation to go beyond classical immune signatures.

However, the high number of biomarker signatures 
identified through AI approaches raises several concerns. 
Several studies relied on computational validation by 
statistical metrics, cross-validation, or train/validation 
techniques, which could be biased due to the models 
capturing dataset-specific patterns. Compared to these, 
Shen, Zhang, and Guo supported their models with 
immunohistochemistry (IHC) to confirm gene expres-
sion. Meanwhile, besides the IHC, Liu further added 
in vivo testing on a 4 T1 mouse model. With this num-
ber of biomarker signatures in the literature, researchers 
should compare their predictive models against existing 
clinically validated biomarkers to underline the value of 
their new signature within the clinical standards. A sub-
set of researchers, including Shen, Ensenyat-Mendez, and 
Liu, validated their models/genes against PD-1/PD-L, 
TMB, or other known biomarkers. Notably, Guo vali-
dated the stability and accuracy of its predictive model 
across 83 published signatures in 9 independent BC 
cohorts.

The integration of transcriptomic biomarkers with 
AI models offers a promising path toward personalized 
immunotherapy in breast cancer. However, as the field 
evolves, several critical gaps remain to be addressed to 

guide more effective and clinically relevant research. 
TNBC is widely analyzed for its immunogenicity, while 
HER2-positive and luminal A/B subtypes are under-
represented. Future work should expand transcriptomic 
modeling to non-TNBC subtypes, including immune-low 
HER2 + and ER + breast cancers, where new therapies 
are emerging. Incorporating spatial transcriptomics and 
cell–cell communication analysis will offer a wider and 
more complete understanding of immunotherapy char-
acteristics to refine immune subtype stratification and 
response prediction. Researchers should also validate 
their novel biological biomarkers and benchmark them 
against other immunotherapy biomarkers. Besides this, 
prioritizing public ICI-treated cohorts allows for main-
taining validation consistency and enables real-world 
implementation, especially in the absence of experimen-
tal validation.

AI‑based proteomic analysis
Proteomic-based AI biomarkers have been explored to 
enhance BC prognosis and immunotherapy response 
prediction. PDL1 expression is an important prognostic 
biomarker for immunotherapy response in BC. However, 
many studies have demonstrated that clinical assessment 
by pathologists has shown a low inter-observer agree-
ment in assessing PD-L1 expression (Reisenbichler et al. 
2020; Widmaier et  al. 2020). To ensure the repeatabil-
ity and accuracy of the quantification of this biomarker, 
researchers have integrated AI technologies for PD-L1 
scoring. Beyond PD-L1 prediction, several studies have 
explored proteomic biomarkers related to plasma for 
their potential to predict immunotherapy response. 
Table 1 summarizes the different AI/ML studies applied 
to proteomics in BC immunotherapy.

Deep learning models were often applied in these 
studies. CNN architecture was adopted by two differ-
ent studies; Wang et  al. used LinkNet, a CNN-based 
encoder-decoder architecture designed for pixel-wise 
segmentation, to score PD-L1 expression using IHC 
WSIs (Chaurasia and Culurciello 2017). The model seg-
mented the cell, epithelium, and necrotic regions, remov-
ing strained regions overlapping with tumor and necrotic 
areas, and its predictions allowed for PD-L1 scoring and 
quantification (Wang et  al. 2021). An end-to-end CNN 
model was adopted by Shamai et  al. to predict PD-L1 
expression using hematoxylin and eosin (H&E) images. 
The model was built with four residual blocks that 
encoded input images into a 256-dimensional embed-
ding vector and a SoftMax linear layer for label classifica-
tion. Its performance was validated using two methods; 
the prediction scores were compared to the ground truth 
annotation of a pathologist, and a validation based on an 
independent external cohort that achieved a remarkably 
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high AUC (0.854) (Lu et  al. 2020). Lastly, a model was 
constructed using ResNet-50-based feature extraction 
and integrated with an attention-based multiple instance 
learning (MIL) model for sample-level prediction (Ligero 
et  al. 2024). This approach effectively captured and 
aggregated meaningful tile-level features, highlighting 
the potential of the DL-based PD-L1 scoring method to 
stratify patient response to immunotherapy.

In contrast, traditional ML studies were mostly used for 
the investigation of proteomic datasets with RF applied 
for plasma-related gene classification, while Lasso-Cox 
regression was used for the prediction of overall survival 
based on protein expression (Yu et  al. 2023a; Li et  al. 
2024). While the models didn’t use complex DL methods, 
they were the most interpretable models with an easy 
clinical application.

AI‑based histopathological analysis
H&E-stained images offer a detailed representation of 
the immune environment, highlighting cell morphology, 
tumor color, and size. These captured features make them 
valuable tools for AI-based prognostic models. (Figure 1) 
As summarized in Table  1, multiple studies have used 
histopathology images to extract representative features 
and employed AI-based models to predict immunother-
apy response.

CNN models are widely used for image classification 
due to their convolutional backbone layers. Zhao et  al. 
trained a dual-CNN framework for tissue classifica-
tion and then predicted molecular biomarkers (somatic 
mutations, copy number alterations, biological pathway 
activities, and immunotherapy biomarkers) with AUCs 
ranging from 0.70 to 0.87 (Zhao et  al. 2022). Another 
CNN-based AI model was designed to predict long non-
coding RNA (lncRNA) metabolism subtypes using a bag-
of-patches approach, ResNet50-based feature extraction, 
and an attention mechanism (Yu et al. 2024). While these 
DL models offer technical advantages, their clinical vali-
dation remains limited primarily due to the lack of inter-
operability. To address this, authors employed various 
bioinformatics and validation techniques to ensure the 
reliability and robustness of their predictions.

Despite the complexity of the CNN, we explored, in a 
retrospective study, the use of traditional machine learn-
ing approaches to predict immunotherapy outcomes 
based on TNBC WSIs. Our findings demonstrated the 
efficiency and reliability of RF as a non-invasive alter-
native to expensive TMB quantification (Bendani et  al. 
2025). Machine learning models, such as LR and SVM, 
are simple, interpretable, and highly compatible with 
numeric features but are often limited to the quality 
and relevance of the features and have limited perfor-
mance. An application of tissue-based prediction used a 

regularized LR model trained on cell phenotype densi-
ties, cell interactions, and proliferative fractions extracted 
from H&E images to predict pCR. Tissue features were 
analyzed at distinct moments (baseline, early on treat-
ment, and post-treatment) and reduced using Spearman 
correlation and Louvain clustering. The study empha-
sized that integrating a simple ML model with spatial 
features enhances immunotherapy response prediction 
(Wang et al. 2023a).

Due to the large size of the WSIs and the computational 
cost of processing them, researchers adopt substantially 
various approaches. Classical techniques extract the 
morphological and texture features (for example, nuclear 
shape, texture, and color gradients) using different anno-
tation tools such as CellProfiler and Pyradiomics, and 
while this captures biologically interpretable features and 
is computationally efficient, the quality of the features 
and the requirement of manual curation are still a chal-
lenge. Chen et  al.  proposed a patch-based CNN model 
to predict TMB, a genomic biomarker associated with 
immunotherapy, in TNBC patients using nuclear scores 
extracted from WSIs (Chen et. al 2022). They overcome 
the patch-level limitation by keeping only representa-
tive patches with sufficient nuclear cell composition to 
achieve better performance using a pre-trained CNN 
architecture.

Modern approaches primarily utilized patch-level clas-
sification or MIL techniques. In patch-level classifica-
tion, WSIs are divided into tiles/patches of a specific size, 
and then each patch is labeled, classified, and aggregated 
at the image level. These approaches focus on the local 
regions, capture small variations of images and detailed 
ones, and give high performance when integrated with 
attention mechanisms. This is highlighted in the ANSAC 
model study, where authors combined spatial pri-
ors, patch-level extraction, and attention mechanisms 
to predict TILs, demonstrating higher interpretabil-
ity and scalability across different datasets (Perera et  al. 
2024). Moreover, adopting histology-specific pretrain-
ing improved feature quality compared to models pre-
trained on natural images. Despite this, the patch-level 
classification models are limited due to the necessity of 
region-of-interest annotation and could miss global tis-
sue patterns.

MIL is useful when patch-level labels aren’t available 
or manual classification is costly and time-consuming. 
It relies on the WSI labeling and treating the images as 
a “bag” of instances without labels. The model is then 
used to learn and identify images that are important for 
predicting the bag label. An example of this is the BBMIL 
model constructed to predict classical biomarkers and 
immunotherapy-related gene signatures directly from 
histopathology images. The model utilized the ResNet-18 
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classifier to select a region of interest in cancer regions, 
generate pseudo-bags, and perform instance-level feature 
extraction; then it applies a transformer and attention 
MIL networks for the bag-level feature representation 
and finally predicts biomarker status. The model out-
performed other MIL approaches in predicting immune 

signatures such as dendritic cell, interferon-gamma, and 
B cell signatures (Zhang et  al. 2025). The MIL models, 
while powerful, often suffer from poor interpretability, 
and thus integrating attention mechanisms highlights tis-
sue parts that drive the prediction, making results easier 
to validate by pathologists.

Fig. 1  Imagery-based AI models for breast cancer immunotherapy prediction. Histopathology (WSI) and radiomic (MRI, CT/PET) images 
are analyzed and fed to deep learning model or other computational feature extractor to capture representative features. The model is then 
constructed and validated for its performance in assessing immunotherapy prognosis, identifying relevant TME characterization, and quantification 
of specific biomarkers. magnetic resonance imaging (MRI), computed tomography (CT), positron emission tomography (PET), whole slide imaging (WSI), 
region of interest (ROI), pathological complete response (pCR), tumor-infiltrating lymphocytes (TIL), tumor microenvironment (TME), tumor mutation burden 
(TMB) 
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Despite this wide number of studies and promising 
advances, several limitations persist, with low interpret-
ability a key challenge. Clinical validation on immuno-
therapy-treated cohorts and the integration of MIL, or 
self-supervised learning with attention mechanisms, 
could compensate for the limited interpretability of DL 
and the need for heavy data annotation while benefiting 
from its powerful prediction. Besides, models such as 
graph-based and transformer-based could offer an alter-
native solution for capturing both global and local tissue 
biomarkers (cell–cell interactions and spatial relation-
ships). Additionally, adopting the alternative formats of 
images, such as tissue microarrays (TMA) and multiplex 
immunohistochemistry (mIHC), could provide a richer, 
biologically grounded, and clinically relevant prediction.

AI‑based radiomic analysis
As a non-invasive approach, radiomics has become 
broadly used by healthcare providers, allowing disease 
diagnosis and prognosis. Following this trend, it becomes 
a fundamental approach in precision oncology, enabling 
cancer identification, monitoring, and real-time treat-
ment adaptation. Recent studies outlined in Table 1 have 
demonstrated the integration of AI computational mod-
els with medical imaging techniques such as magnetic 
resonance imaging (MRI), computed tomography (CT), 
and positron emission tomography (PET/CT) (Fig. 1).

The majority of the studies relied on classical ML 
approaches or basic DL models for the classification of 
the radiomic features extracted using traditional tools 
such as Pyradiomics or Analysis-Kit. Among the models, 
LR and LASSO were most used in the pCR and immuno-
therapy response prediction. This highlights the reliance 
on interpretable models that work efficiently with lim-
ited data. Huang and Lin, on the other hand, compared 
six ML models, including RF, SVM, MLP, and Gaussian 
Bayes, with leave-one-out cross-validation to predict 
TIL levels using 11 DCE-MRI features (Huang and Lin 
2022). Interestingly, the MLP model achieved the highest 
predictive score, highlighting the power of the basic DL 
model against the ML models. Zhao et al. also achieved 
the highest performance with the MLP (AUC = 96%), 
driven by robust training data (n = 240) and clinical vali-
dation. They used CE-CT images to extract features and 
constructed the predictive model with 3 hidden layers of 
MLP (Zhao et  al. 2023). Despite the simplicity of MLP 
over CNN or transformers, it’s a computationally lighter 
model, robust in analyzing non-linear and numerical 
data as radiomic features. The most innovative approach 
was used by Cook et al. in their study incorporating bio-
physics-based computational modeling. They introduced 
the tumorIO prognostic score to predict immunother-
apy response based on DCE-MRI and single-cell RNA 

sequencing data. A simul-omics 4D engine segmented 
MRI scans with a CNN, simulated blood flow, nutrient 
delivery, and metabolic activity, and integrated them with 
the transcriptomic features related to PD-L1 expression 
to produce spatial probability maps of PD-L1 expres-
sion. Then, a linear regression model generated the score 
to predict pCR following ICI therapy (Cook et al. 2023). 
These approaches offered several advantages, including 
biological interpretability and spatial modeling, which 
achieved high performance (ACC = 88.2%) despite the 
limited size of the dataset.

Radiomics data presented in the reviewed studies 
encompass the features extracted from CT, MRI, and 
PET-CT, with MRI being the common imaging modal-
ity used. Models constructed using the MRI features 
achieved a mean AUC higher than 80%, highlighting the 
ability of the MRI to capture biological features associ-
ated with immunotherapy response, such as perfusion, 
vascularity, and microenvironmental heterogeneity. 
Other than MRI, contrast-enhanced CT was used by 
Zhao  et al. to extract texture, wavelet, and Laplacian of 
Gaussian features, while Seban et al. combined CT with 
PET, which measured metabolic features (SUVmax, 
TMTV) rather than classical radiomic patterns (Zhao 
et  al. 2023; Seban et  al. 2023) As these imaging tech-
niques offer a high dimensionality of radiomic features, 
feature selection is crucial to accurately extract repre-
sentative ones and avoid feeding noise or overfitting the 
predictive models. Statistical techniques such as LASSO, 
Boruta, and univariate correlation analysis are common 
feature selection techniques and well-suited for selecting 
clinically significant features due to their interpretability, 
computational efficiency, and regularization techniques, 
while deep learning models such as autoencoders and 
MLPs can capture complex, non-linear patterns associ-
ated with class prediction, although at the cost of reduced 
interpretability. Biological filtering was also applied by 
other studies to extract only features associated with bio-
logical signals such as TME or PD-L1.

In summary, most radiomic studies on breast cancer 
immunotherapy have leaned toward traditional meth-
ods with relatively simple ML models. Deep learning 
has mostly been limited to MLPs, CNNs and attention-
based architectures mainly due to the dataset sizes and 
the focus on more interpretable models. However, future 
studies should integrate DL architectures in feature 
extraction and selection and balance between interpreta-
bility and model complexity to construct models capable 
of the analysis of the heterogeneous immune system in 
BC. Researchers should also use other imaging modali-
ties, such as ultrasound, which offer real-time monitoring 
and are low-cost and accessible. Additionally, integrating 
raw images with basic radiomic features can enhance the 
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model’s performance, offering a way to learn high levels 
of abstractions while keeping the interpretability.

AI‑based microbiomic analysis
The microbiome influences cancer diagnosis, treatment, 
and progression (Tzeng et al. 2021; Vitorino et al. 2022; 
Clear et  al. 2024). Despite the increasing interest in the 
tumor microbiome, we identified only two studies, sum-
marized in Table 1, employing AI-based models to iden-
tify microbiome signatures related to BC immunotherapy 
and predict patient outcomes.

Mao et  al. identified a set of 15 microbes using Cox 
regression and constructed a prognostic marker based 
on their abundance. These signatures were identified 
after univariate Cox regression as a first step to reduce 
dimension, followed by a second reduction using mul-
tivariate Cox regression. This two-step reduction is well 
established in survival analysis, especially with highly 
dimensional data. Univariate Cox is faster in screening 
individual features associated with survival, while mul-
tivariate Cox controls for confounding and identifies 
the most robust predictors. The predictive score gener-
ated was significantly associated with overall survival 
(OS) and progression-free survival (PFS) with a p-value 
of 1.70E-19 and 5.27E-06, respectively. They also created 
a nomogram to compute a risk score by integrating the 
microbe signatures, clinical factors, and molecular sub-
types with an AUC of 0.80 in the 5-year OS prediction 
(Mao et al. 2022).

Li et  al. adopted a similar approach for selecting 
immune-related intratumor microbiome biomarkers for 
BC patients’ OS prediction. He used LASSO and mul-
tivariate Cox regression to build a prognostic signature 
score consisting of the expression of four genera, such as 
acidibacillus, and pseudogulbenkiania, which were asso-
ciated with antigen processing and anti-tumor immunity 
by regulating the immune-related genes. Based on the 
immunophenotype scores and tumor immune dysfunc-
tion and exclusion analysis, patients with low-risk scores 
could benefit more from immunotherapy than the high-
risk patients (Li et al. 2024).

Both studies focused on first-level microbiome fea-
tures such as microbial abundance and relied entirely 
on the TCGA dataset. Statistical ML techniques, mainly 
Cox regression, were solely used without integrating 
DL or complex approaches. While one study demon-
strated the biological relevance of these signatures using 
bioinformatic analysis, none of them validated their 
findings experimentally. Cross-disciplinary efforts are 
needed to unlock the full potential of microbiome data 
in the prediction of immunotherapy. Future research 
should expand feature diversity and integrate deep 
learning models to uncover complex microbe-immune 

associations without neglecting the preprocessing and 
contamination control to allow for reproducibility and 
clinical application.

AI‑based genomic analysis
Genomic biomarkers include copy number alterations 
(CNA), neoantigen load, and genetic variation. These 
biomarkers can be used to describe immunogenicity and 
thus predict response to immunotherapy. Various studies 
have been investigating the integration of AI models with 
genomic biomarkers, as presented in Table 1.

Across these studies, distinct ML and DL models were 
created, ranging from interpretable classical ML like 
Cox regression to complex neural networks. A pan-can-
cer study trained different machine learning classifiers 
to predict immunogenic mutations and neo-peptides. 
Among the models tested, LR performed the best, 
especially with increasing data, adding quantile nor-
malization, and Bayesian optimization. XGBoost, while 
ranking second, identified different and complex pat-
terns, and when combined with LR in a voting classifier, 
achieved consistently higher performance (Müller et  al. 
2023). Jin et  al. created a prognostic risk model to pre-
dict genomic variation-related subtypes by feeding DEG 
genes to LASSO-penalized multivariate regression with 
1,000 iterations (Jin et al. 2021). Similarly, Jiao et al. per-
formed multivariate Cox regression on lncRNA genes to 
stratify patients as genomically unstable or stable (Jiao 
et al. 2022). Both models achieved similar performance, 
with the LASSO-personalized multivariate model slightly 
higher. This is primarily due to the regularization tech-
nique and penalty used by LASSO during model training, 
which automatically deals with multicollinearity while 
reducing overfitting and selecting important features.

The RCANE model, combining sequence models and 
graph neural networks, was developed in a pan-cancer 
cohort to predict somatic CNA from RNAseq.  3D ten-
sors, in which somatic CNA log-intensity values are 
synthesized per segment, were used to define the seg-
ment-based graph capturing inter-chromosomal, and 
MLP with normalization is then used to extract can-
cer-specific RNA features. LSTM and graph attention 
mechanisms are integrated into the model to detect 
cross-chromosomal correlation, and a debiasing layer 
with a regression loss function predicts sCNA intensity. 
This DL model outperformed existing methods, achiev-
ing high accuracy and highlighting the potential of the 
DL model as a cost-effective alternative to traditional 
sequencing-based methods for SCNA detection (Ge et. al 
2024). To advance the field, future studies should further 
analyze genomic biomarkers and investigate the combi-
nation of DL models with the interpretability of statistical 
techniques.
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AI‑based epigenetic analysis
BC prognosis is associated with epigenetic modifica-
tions, such as DNA methylation, histone modifications, 
and non-coding RNA expression. These alterations can 
impact diverse immune-related pathways, regulating 
tumor immunogenicity and affecting immunotherapy 
effectiveness (Llinàs-Arias et  al. 2021; Yin et  al. 2023). 
Machine learning, statistical methods, and deep learning 
have been employed to extract and predict immunother-
apy by leveraging epigenetic biomarkers. (Table  1) For 
instance, DNA methylation, particularly at CpG sites, is 
a well-established epigenetic factor that influences gene 
expression and immune response in cancer (Zhu et  al. 
2024b).

Various models, validation strategies, and biomarkers 
were used to identify prognostic and immunotherapy-
relevant biomarkers in BC. Zhang created a CpG methyl-
ation risk score to stratify patients into high- and low-risk 
groups. Despite the CpG methylation being associated 
with immune natural killer cell infiltrate, particularly at 
specific CpG sites, LASSO achieved a moderate accu-
racy, highlighting the need for a more complex model 
and feature selection methods (Triki et  al. 2022). Chen, 
on the other hand, focused on the immune cell-specific 
hypermethylation signatures, achieving high perfor-
mances (AUC = 0.86) with LASSO. This demonstrates 
that data preprocessing and feature selection tend to 
optimize model prediction. Beyond nuclear epigenetics, 
mitochondrial epigenetics has emerged as a regulator 
of the tumor. A model study investigated mitochondrial 
DNA methylation with immunotherapy response in BC 
and proposed a gene signature to predict BC prognosis. 
They identified 11 mtDNA methylation-related genes 
and established a signature score after applying univari-
ate Cox analysis and LASSO. Notably, they used qPCR 
to validate their findings and verified the TMB, CD8, and 
MSI (Ma et al. 2023). Besides this, Teng focused on RNA 
methylation and constructed a 21-methylation regulatory 
gene signature to stratify BC patients (Teng et al. 2024). 
This emerging field is promising but needs further clini-
cal validation.

lncRNAs, a novel class of ncRNAs, have been involved 
in the immune response of BC (Zhang et  al. 2020). 
Researchers have explored several lncRNA-based prog-
nostic signatures to construct a risk model using multi-
variate, univariate Cox regression, and LASSO (Zhou 
et al. 2024; Zhu et al. 2022; Li et al. 2022; Yu et al. 2023b; 
Chen et al. 2022b). Among these studies, Yu exploited the 
senescence-related lncRNAs that were linked to immu-
notherapy resistance by upregulating immunoinhibitory 
proteins, including PD-L1 and CD80. Its model achieved 
the highest AUC (81.1%) compared to the rest of the 
LASSO-based models (Yu et  al. 2023b). This suggests 

that while being the most interpretable and clinically 
used models, they achieved moderate performance. 
An interesting study diverged from traditional LASSO 
approaches by testing six ML algorithms (DT, GBM, 
ANN, RF, GLM, and SVM) to predict CD8 + T-cell levels 
using lncRNAs (Chen et al. 2022b). The models achieved 
a range of AUCs, with ANN the highest among them, 
highlighting the potential of deep learning models in 
capturing non-linear interactions between lncRNAs and 
immune infiltration.

Trends across these studies suggest a shift from whole 
methylation profiling to a more specific approach with 
cell-specific methylation analysis as mitochondrial and 
immune cell-specific biomarkers. Future studies should 
also emphasize the clinical validation of their signature 
and apply them to the immunotherapy cohort.

AI‑based multi‑omic analysis
Multi-omics integrates diverse data, particularly genom-
ics, epigenetics, radiomics, and transcriptomics, provid-
ing a comprehensive understanding of cancer biology. 
Given the heterogeneous nature of BC, single-modality 
models cannot capture the full complexity of the disease. 
In contrast, multimodal architectures overcome these 
limitations by combining multiple data layers, allowing 
for more precise and personalized prognostic assess-
ments. Several methods were developed to accurately 
capture the complex patterns and contribute to the eval-
uation and prediction of immunotherapy. Some of these 
models are presented in Table 1 with a detailed workflow 
summarized in Fig. 2.

ML and statistical models are widely used for their 
strong interpretability, efficiency, and integration of 
structured and numerical omics. A notable instance is 
the iCEMIGE model, which independently analyzed cell 
morphometrics, bacterial diversity data, and transcrip-
tomic biomarkers to generate an integrated risk score. 
The morphological cell features were extracted using an 
unsupervised sparse decomposition pipeline and were 
combined with microbiome and gene prognostic scores 
previously identified using multivariate Cox regression. 
The integration was performed with an autoencoder and 
sparse representation learning into 256 multimodal bio-
markers, ensuring interpretability and efficiency in the 
selection of biomarkers. Using multivariate Cox regres-
sion, a risk score was constructed and achieved higher 
predictive performance in predicting both OS and PFS 
compared to each modality alone (Mao et al. 2022). Simi-
larly, a radiogenomic prognostic score was constructed 
to predict axillary lymph node metastasis and drug 
response, integrating MRI-derived radiomic features 
and genomic data. The prognostic model was based on 
a linear SVM with an RFE algorithm feature selection, 
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followed by multivariate LR analysis to generate the risk 
score, which, when high, indicates a potentially better 
response to targetable immunotherapy (Lai et  al. 2024). 
A recent study by Mehmood et  al. investigated single- 
and multi-omics models to predict survival class based 
on transcriptomic, proteomic, and clinical data. Super-
vised ML models such as SVM, Naive Bayes (NB), and 
LR with MLP DL model were applied for single omic 
prediction, with MLP achieving higher performance. 
Regarding the combined multi-omic data, a multi-source 
feature interaction controller was adopted to handle the 
different omic types with a unique model for each omic 
and a fusion model to integrate them for final prediction 
(Mehmood et al. 2025).

DL models, on the other hand, dominate when the 
input data are complex, highly dimensional, or time-
related. DeepClinMed-PGM was developed by integrat-
ing several features, among them lncRNA data, pathomic 
features, immune cell levels, and personal features. The 
model predicted survival risk using a CNN architec-
ture integrating an attention module, a regressor, and a 
query-router mechanism to enhance the accuracy of 
patient prognosis. Notably, its superior performance 
over the single-omics model was consistent across dif-
ferent validation cohorts. By assigning distinct weights 
to the different modalities, the model captures complex 
relationships, reinforcing its capability to provide more 
precise prognostic predictions (Yu et  al. 2024). Further-
more, a deep learning-based model was developed by 
Gao et al. to predict therapy response in BC by integrat-
ing omics data, including imaging, alongside radiologi-
cal, histopathological, personal, and clinical data. This 
model addresses the problem of missing data by lever-
aging cross-modal knowledge mining, enabling clinical, 
personal, and other data to be predicted directly from 
imaging-derived features. A ResNet18 architecture was 
used to extract features with temporal information added 
for the MRI model, and their predictions were combined 
using an ensemble model using optimized weightings to 
improve the overall prediction accuracy. As expected, the 
model’s predictive capacity outperformed radiologists in 
early therapy response prediction (Gao et al. 2024).

Expanding beyond BC, a pan-cancer study investi-
gated the gene mitotic apparatus signature, linking it 
to immune cell infiltration and treatment response in 
glioma and BC. Researchers further identified cellular 
morphometric biomarkers extracted from WSIs using a 
stacked predictive sparse decomposition model and con-
structed a signature score using multivariate Cox Pro-
portional Hazards. The integrated model significantly 
improved prognostic precision, demonstrating its poten-
tial for patient risk stratification (Mao et al. 2023).

Computational modeling in breast cancer immunotherapy
Computational modeling (CM) has revolutionized breast 
cancer therapy advancement, especially in immuno-
therapy. This approach allows the modeling of drug-
drug interactions, the discovery of drugs, immune 
pathway simulations, and virtual drug screening, pro-
viding insights into the efficiency of the immunother-
apy compound. When integrated with AI, these models 
can predict drug response, simulate immune invasion, 
and predict novel biomarkers. This integration ena-
bles researchers to explore new compound interactions, 
refine therapies, and predict responses to these therapeu-
tic strategies.

Molecular docking, a known cornerstone of com-
putational modeling, predicts the interaction between 
a drug or ligand with a target (receptor or enzyme). 
Applied in immunotherapy, this provides insights into 
how molecules such as PD-1/PD-L1 or CTLA-4 could 
be targeted to enhance immunogenicity. Traditional 
studies use a combination of computationally heavy 
and time-intensive approaches to molecular docking 
simulation and drug repositioning. As an example, a 
study used computational drug repositioning, reversal 
of gene expression signatures, and molecular dynam-
ics simulations to identify and validate potential drug 
candidates for BC treatment (Wang et al. 2023b). While 
this approach successfully identified new compounds 
as potential BC treatments, applying AI can further 
improve and optimize the study. From using DL mod-
els to model drug and gene networks and autoencoders 
for data reduction to DNN architecture for molecular 
interactions, AI can be integrated into the entire com-
putational modeling workflow. A recent study applied 
supervised computational screening of EGFR inhibi-
tors to identify molecules capable of inhibiting immune 
checkpoints. BC omics, including scRNA-seq and 
genomic data, were computed for drug sensitivity and 
IC50 analysis to select a strong EGFR inhibitor. Next, 
compounds similar to the selected reference drug were 
fed to different ML models to predict and screen active 
candidate compounds against EGFR. RF, SVM, and 
ANN  achieved high performance (AUC up to 94%), 
highlighting AI potential in enabling fast identification 
of inhibitors and supporting drug repurposing. These 
findings were further validated by molecular docking, 
providing a roadmap for designing immune-activating 
drugs (Mehmood et al. 2024). Another study employed 
ML-based approaches to predict the anticancer activity 
(IC50 values) of terpenes and their derivatives against 
specific TNBC cells. A robust QSAR-based multiple 
linear regression was constructed using forward step-
wise regression to select the best combination of 2D 
molecular descriptors with minimum multicollinearity 
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with a predictive r2 of 81%. The resulting model was 
implemented as an R-based package to allow research-
ers to predict IC50 values of novel, untested chemicals 
and understand descriptors associated with anti-TNBC 
activity (Khan et  al. 2024). In addition to screening 
molecules and predicting activity, AI can predict bind-
ing affinities and identify novel ligands based on their 
pharmacodynamics.

Combination therapy has improved outcomes, 
responses, and resistance in BC by targeting diverse 
pathways simultaneously. In a recent study, a stacking 

ensemble classifier called DDSBC predicted synergis-
tic drug pairs in breast cancer cell lines based on tran-
scriptomic and chemical data. The authors aggregated 
predictions from base models (RF, XGBoost, KNN, and 
LR) for a robust prediction. The model was trained on a 
vast dataset of drug responses and achieved good per-
formance in predicting drug-pair combinations. Such 
AI-based tools enable rapid and accurate screening of 
thousands of drug combinations for optimal immune 
enhancement with minimal toxicity (Mehmood et  al. 
2024).

Fig. 2  Multi-omic integration in breast cancer immunotherapy. The multi-omic approach combines various biomarkers from epigenomic, 
transcriptomic, proteomic, microbiomic, genomic, radiomic, and clinical data. After feature selection and data integration, the model is constructed 
to predict survival, drug response, immune subtypes, and biomarker classifications in breast cancer immunotherapy. Least absolute shrinkage 
and selection operator (LASSO), magnetic resonance imaging (MRI), computed tomography (CT), positron emission tomography (PET), hematoxylin 
and eosin (H&E)
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Pharmacogenomics aims to tailor specific drug therapy 
based on a patient’s genetic variation. This field, a core 
part of personalized medicine, has drastically improved 
the selection of effective immunotherapy strategies, 
especially with the aid of AI. A notable example of AI-
powered models is a study that applied machine learning 
models (LASSO, Elastic Net, and Ridge) with transcrip-
tomic and molecular profiling data to predict drug sen-
sitivity across breast cell lines. Feature selection was 
performed using maximum relevance and minimum 
redundancy to reduce dimensionality and improve inter-
pretability. The authors successfully predicted candidate 
drugs and identified new translationally relevant bio-
markers (Mehmood et al. 2023).

Nanotechnology in breast cancer immunotherapy
Combining nanotechnology with immunotherapy agents 
enhances the response by enabling the manipulation of 
materials of small size (< 100 nm). Adopting nanoparti-
cles (NPs) improves a targeted distribution of drugs while 
protecting other healthy tissue by offering biocompatibil-
ity, the possibility to load a high number of drugs, and a 
longer circulation time. Currently, several nanomaterials, 
such as liposomes, microneedles, polymer-based con-
jugates, and dendrimers, are applied to improve cancer 
immune response. Multifunctional nanoplatforms like 
P-R@P/U-V and PD-1@RSL3 NPs were developed by 
combining immunotherapy mechanisms, BC biomark-
ers, and nanotechnology. For instance, P-R@P/U-V com-
bines tumor ablation, ferroptosis, and real-time imaging 
to enhance anti-PD-L1 immunotherapy in TNBC, rep-
resenting a next-generation nanomedicine approach. 
The laser-activated combat TNBC cells, while ferropto-
sis induction enhances the release of tumor-associated 
antigens. The combination of this local tumor destruc-
tion with anti-PD-L1 therapy boosts antigen release and 
immune activation and suppresses metastasis (Cheng 
et  al. 2024). Another example is the PD-1@RSL3 NPs, 
PD-1 membrane-coated RSL3 nanoparticles developed 
to enhance cancer immunotherapy, especially in TNBC. 
These nanocarriers bind to the PD-L1 expressed on 
tumor cells and block immune checkpoints, reactivating 
T cells, and at the same time, the RSL3 triggers ferropto-
sis cell death, leading to the release of tumor antigens and 
enhancing the immunogenicity. In animal subjects, this 
combination of PD-L1 blockade and ferroptosis induc-
tion leads to a robust immune response, with a significant 
delay in tumor progression and extended survival (Mu 
et al. 2023). A dendritic-inspired nanoparticle, DMSNs3@
HA, combines anti-CD3 and anti-CD28 to activate T 
cells, anti-PD-1 antibodies for checkpoint blockade, and 
hyaluronic acid for tumor targeting (Li et al. 2021).

Nanotechnology was applied to monitor immuno-
therapy response. The electrochemical biosensor’s role 
is to convert biological interactions into electrical sig-
nals, allowing real-time, minimally invasive detection 
of specific biomarkers. Combining nanomaterials such 
as carbon nanotubes with electrochemical biosensors 
enhances biocompatibility and signal amplification, mak-
ing them powerful tools for monitoring immunotherapy 
response (Sadeghi et. al 2023). By detecting sensitive 
changes in biomarker expression, clinicians could moni-
tor, adjust, and evaluate patients’ responses to immuno-
therapy treatments. A noticeable trend is the emergence 
of nanoplatforms combining multimodal therapy with 
nanomaterial technologies. For example, DoxMel/PD-L1 
DsiRNA proposed by Bahreyni et  al., integrates chemo-
therapy (doxorubicin), immunotherapy (PD-L1 RNAi 
checkpoint blockade), and an immune adjuvant in hya-
luronic acid for targeting tumors via CD44. By adopting 
this efficient delivery of 3 different modalities, survival 
was improved with a significant enhancement of cytotox-
icity and cell infiltration (Bahreyni et al. 2023). Similarly, 
a study developed ICG@SANPs-cRGD, a multifunctional 
iron-based nanoplatform combining photothermal ther-
apy (PTT), photodynamic therapy (PDT), and immune 
checkpoint blockade (anti-PD-L1). These nanoplatforms 
not only amplify anti-tumor immunity but also demon-
strate imaging capabilities (MRI and fluorescence), ena-
bling theranostic applications (Kong et al. 2022). Another 
application is the nanovaccines used to stimulate T-cells, 
reshape the tumor immune microenvironment, and 
enhance the durability of the immunotherapy effect. They 
can target lymph nodes, tumor antigens, mRNA, and 
biomimetics, allowing for an adaptable and precise appli-
cation (Yin et al. 2020).

AI models can advance the design of nano-drug deliv-
ery systems by analyzing the immune cell and cytotoxic-
ity profiles based on the physicochemical properties of 
the nanoparticles. Furthermore, AI can be used to create 
personalized nanovaccines by analyzing patient omics 
data and predicting specific neoantigens, thus offering 
a personalized and optimal response. AI can also evalu-
ate signals from various biomarkers, such as immuno-
therapy biomarkers, cancer progression biomarkers, 
and metabolic changes, in real time by integrating elec-
trochemical biosensors. This allows for the classification 
and prediction of changes in these biomaterials, allow-
ing for the detection of resistance or the prediction of 
early response. Generative AI and reinforcement learn-
ing could be used to explore new nanomaterial structures 
and suggest novel surface modifications. Additionally, 
imaging-based nanoparticles offer a real-time and effi-
cient modification of delivery routes due to tissue dam-
age or patient complications.
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The AI‑driven healthcare landscape
Recently, the integration of automated learning systems 
and precision medicine has transformed healthcare, 
particularly in the field of oncology. Personalized medi-
cine relies on the usage of tailored treatment for cancer 
patients by adopting a more individualized approach that 
considers the patient’s distinctive characteristics. This 
has transformed the conventional “one treatment fits 
all” paradigm, allowing a more individualized medicine 
(Johnson et al. 2021). Given that BC is distinguished by 
a significant heterogeneity among patients, healthcare 
providers should take into account the patient’s genetic 
profile, medical background, environmental factors, 
and lifestyle preferences. AI offers a powerful potential 
to enhance the analysis of data, uncover complex pat-
terns, and refine treatment strategies. Various AI mod-
els have been developed, as described in this review, to 
predict therapy outcomes through multimodal methods 
that integrate diverse patient data from clinical, genomic, 
epigenetic, proteomic, and microbiome information. AI-
powered technologies, such as wearable electronics and 
biosensors, reshaped cancer care by providing continu-
ous monitoring of patient parameters and offering non-
invasive and accurate methods for diagnosis (Birla et. al 
2025). An example of these devices are smartwatches and 
smart patches, which, simple as they are, allow heart rate, 
respiratory, and glucose tracking, offering non-invasive 
monitoring. Nanosensors, on the other hand, can detect 
biomarkers at the molecular level, such as ctDNA or pro-
teins, and are usually integrated into wearable devices to 
enable hand-free and continuous quantification of bio-
markers (Adeniyi et al. 2024).

With such advancements in AI-based wearable nan-
odevices capable of monitoring, analyzing, and adjust-
ing treatment, the role of healthcare providers must be 
redefined. This prompts a reconsideration of how health 
professionals contribute to patient care within an AI-
enhanced healthcare ecosystem. While AI-based systems 
can process heterogeneous data and identify complex 
patterns in a reasonable time, they lack the human ability 
to consider the patient’s quality of life and personal and 
economic considerations. Furthermore, AI predictions 
may be skewed for several reasons, including differences 
in demographics that lead to wrong choices and predic-
tions. To address these challenges, an interdisciplinary 
team must validate AI-driven predictions to ensure reli-
ability and collaboratively establish a treatment plan with 
the patient, taking into account their preferences and 
values. This approach is consistent with the concept of 
shared decision-making, utilizing AI as a support tool 
that analyzes data and provides recommendations to help 
guide discussions between patients and healthcare pro-
viders (Seyhan and Carini 2019).

The integration of personalized medicine, AI nanode-
vices, and omics data with cloud-based solutions will 
enhance disease treatment efficacy and reinforce public 
health initiatives. As shown in Fig. 3, AI-based wearable 
nanodevices that collect real-time omics data and patient 
medical records are integrated into a complex system and 
stored in a secure cloud-based solution. These diverse 
data are then analyzed by AI systems, which gener-
ate personalized treatment recommendations for both 
patients and healthcare providers. Through a collabora-
tive approach, patients and healthcare professionals are 
both engaged in shared decision-making, balancing AI 
insights with clinical judgment and patient preferences. 
A personalized and automated treatment administration 
can be adopted through nanodevices without the need 
for human intervention. Additionally, with the genera-
tion of big data that AI models can further analyze, the 
optimization of population health management strategies 
through resource allocation can be performed.

Limitations and future directions
Patient-level immunotherapy decisions using AI models 
by integrating multi-omic data for better tumor profiling 
are the primary application of AI in personalized immu-
notherapy. AI also advanced the discovery of new immu-
notherapy biomarkers and the in  vitro simulation of 
immunotherapy adverse effects. Although various stud-
ies have investigated the application of AI in predicting 
response to immunotherapy, challenges associated with 
their application in clinical practice remain.

One of the primary limitations is the insufficient 
amount of available data, as few curated datasets are pub-
licly available. The construction of robust and accurate 
AI models depends primarily on the data quality, size, 
annotation, and preprocessing techniques applied. Train-
ing a model on biased or incomplete datasets may affect 
the generalization of the model, causing false predictions 
across diverse ethnicities and cancer subtypes comprising 
clinical reliability. Researchers have applied several tech-
niques to compute missing data and balance the datasets, 
such as statistical imputation methods inspired by KNN, 
multivariate and distribution metrics, or machine learn-
ing-based imputations such as PCA, RF, or XGBoost. 
Using generative adversarial networks (GANs) or learn-
able embeddings in deep learning models offers an alter-
native solution for obtaining accurate results. However, 
these approaches are computationally intensive and may 
be biased by the specific training data.

Lack of standardization of data preprocessing, stor-
age, and annotation of data affects model performance. 
In BC, several imaging techniques, sequencing technol-
ogies, and the non-uniform format of electronic health 
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records make AI models highly dependent on the insti-
tution where they were developed. Moreover, privacy 
regulations (such as HIPAA and GDPR) often restrict 
data sharing, limiting the size and diversity of the data-
sets required for robust model training. This institu-
tional collaboration is needed to overcome privacy 
issues without compromising data security, ensuring 
the collection of data from underrepresented popula-
tions to ensure equity. Additionally, most AI models 
operate as “black boxes,” with no interpretability or a 
clear explanation of the decision-making process. This 
undermines clinical transparency and further compli-
cates the integration of AI in clinical oncology. Efforts 
should be made to find explainable AI, such as attention 

maps or SHAP, to aid physicians in understanding why 
an AI system recommends a specific immunotherapy 
strategy or predicts a specific outcome.

Limited clinical validation and integration of the AI 
approach in real-world cases is yet another challenge 
spanning both technical and ethical dimensions. Rig-
orous validation, multicenter trials, and collabora-
tion between clinicians and AI developers are needed 
to ensure model efficiency and facilitate integration 
in hospital systems. Interdisciplinary collaboration 
between developers, clinicians, ethicists, regulators, 
and patients will be critical to building AI systems that 
are not only powerful but also inclusive.

Fig. 3  Integrated AI-driven healthcare ecosystem from personalized medicine to public health management. AI-powered wearable nanodevices 
and patient medical records are integrated in complex databases and stored in a cloud-based solution. The AI system analyzes this data as omic 
to generate personalized treatment recommendations tailored to the patient. These recommendations are then integrated through the shared 
decision-making system by providing it to both the patient and the healthcare provider. Beyond individual care, this system produces valuable big 
data that supports public health initiatives by enabling disease surveillance, and optimized population health management
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The use of nanomedicine for the prediction and char-
acterization of breast cancer immunotherapy has made 
significant advancements in recent years. Integrating 
digital, biological, chemical, and physical elements into 
a small and compact technology, has made it possible to 
develop various solutions. Although there are few clini-
cal trials, researchers have validated these nanotechnolo-
gies in vitro or on animals to confirm their effectiveness. 
As nanoparticles vary drastically based on AI integra-
tion, their biological and physical properties, adaptive 
clinical trials are indispensable for regulating these solu-
tions. Efforts are needed to create rapid and advanced 
minimum standards for approval, ensuring safe clinical 
translation.

Besides this, several challenges still need to be resolved. 
For instance, the heterogeneity of BC makes nanother-
apy solutions less effective, especially over the resist-
ance mechanisms. Nanoparticles must be personalized 
and combined with powerful predictive biomarkers to 
account for tumor evolution. Biocompatibility remains 
the central issue in nanotechnology-based immuno-
therapy. Nanoparticles use various materials from met-
als, polymers, or carbon-based materials that can induce 
an immune response , off-target toxicity, or even the 
accumulation of toxins in organs due to poor clearance. 
Metallic nanoparticles, for example, can interfere with 
specific cellular redox status, leading to oxidative stress 
or other complications. Propulsion mechanisms used by 
some nanorobots can often be toxic at the physiological 
level, and thus alternative energy sources still need inves-
tigation and thorough validation for their safety and bio-
degradability. The non-biodegradable nanoparticles can 
also activate innate immunity, triggering an autoimmune 
response or immunosuppression and reducing the effi-
cacy of the treatment.

Nanotechnology and AI integration will help over-
come some nanotechnology challenges but at other 
costs. Leveraging AI to tailor and design nanovaccines 
based on each patient’s genetic, transcriptomic, and 
immunologic profiles will increase the precision and 
therapeutic response, reducing toxicity. Furthermore, 
integrating electrochemical and optical nanobiosensors 
with AI allows for rapid decision-making and therapy 
adjustment. Smart nanocarriers equipped with AI can 
address clinical safety and regulatory approval concerns 
by predicting toxicity and immunogenicity. The future 
of AI-enabled nanomedicine requires addressing other 
concerns such as a lack of explainability of AI decisions 
and data privacy. Resolving these limitations requires 
multidisciplinary approaches to tackle computational 
modeling, clinical practice, physics, and immunology. 
Future research should focus on the investigation of 

biomimetic strategies, biodegradable materials, and non-
toxic propulsion methods to overcome nanotechnology 
challenges and ensure safe and effective translation into 
clinical practice. Early and rigorous testing, integration 
of predictive AI-based toxicity models, and interdisci-
plinary design frameworks are key strategies to provide 
clearer guidance for future studies in this field and also 
to improve the safety, efficacy, and clinical translation of 
nano-AI approaches in cancer immunotherapy.

Conclusions
In this review, we explored the application of AI-driven 
models with genomic, microbiomic, epigenetic, tran-
scriptomic, clinical, and imagery biomarkers in predict-
ing immunotherapy outcomes. Various models were 
developed to analyze single modalities and assess immu-
notherapy responses with moderate accuracy in several 
cohorts. However, we demonstrated the efficiency of 
combining these biomarkers in multimodal AI models 
to capture the complex immunotherapy-related biologi-
cal system. In the era of personalized medicine, future 
research should focus on leveraging multimodal algo-
rithms to optimize individualized immunotherapy and 
improve patient quality of life and prognosis.

Providing AI models with access to a continuous range 
of diverse data sources allows the conception of AI-
based decision-making systems capable of monitoring 
treatment responses, predicting prognosis, and provid-
ing personalized treatments. This is achieved through 
cloud-based wearable nanodevices, capable of storing, 
analyzing data, and providing real-time feedback and rec-
ommendations. A thorough understanding of AI systems 
and their prediction algorithms is crucial for ensuring 
adequate follow-up by healthcare providers. The long-
term prospects of this integration of AI in the healthcare 
system are very promising, especially with the technolog-
ical advances and the increasing availability multi-omics 
data, introducing a new era for enhancing personalized 
medicine and ultimately public health management.

Abbreviations
BC	� Breast cancer
ER	� Estrogen receptor
Ki-67	� Antigen Ki-67
HER2	� Human epidermal growth factor receptor 2
PR	� Progesterone receptor
TNBC	� Triple-negative breast cancer
ICIs	� Immune checkpoint inhibitors
PD-1	� Programmed cell death receptor 1
PD-L1	� Programmed cell death 1 ligand 1
CTLA-4	� Cytotoxic T lymphocyte-associated antigen
LAG-3	� Lymphocyte activation gene-3
irAEs	� Immune-related adverse effects
TILs	� Tumor-infiltrating lymphocytes
TMB	� Tumor mutation burden
MSI	� Microsatellite instability
AI	� Artificial intelligence
DEGs	� Differentially expressed genes



Page 18 of 20Bendani et al. Bioelectronic Medicine           (2025) 11:13 

RF	� Random forest
MLP	� Multilayer perceptron
SVM	� Support vector machine
AUC​	� Area under the curve
TME	� Tumor microenvironment
TIME	� Tumor immune microenvironment
RSF	� Random survival forest
ML	� Machine learning
pCR	� Pathological complete response
RD	� Residual disease
ANN	� Artificial neural networks
LR	� Logistic regression
H&E	� Hematoxylin and eosin
CNN	� Convolutional neural network
MIL	� Multiple instance learning
IHC	� Immunohistochemistry
WSI	� Whole slide imaging
lncRNA	� Long non-coding RNA
MRI	� Magnetic resonance imaging
CT	� Computed tomography
PET	� Positron emission tomography
TMTV	� Total metabolic tumor volume
OS	� Overall survival
PFS	� Progression-free survival
CNA	� Copy number alterations

Acknowledgements
This work was carried out under National Funding from the Moroccan Ministry 
of Higher Education and Scientific Research to AI (PPR1). This work was also 
supported by a grant to AI from the Institute of Cancer Research of the foun-
dation Lalla Salma, and also by a grant from Biocodex Microbiota Foundation.

Authors’ contributions
HB: Conception, Investigation, Writing—review & editing. NB: Visualization, 
Writing—review & editing. LB: Supervision, Review & editing. AI: Supervision, 
Conception, Writing—review & editing. All authors read and approved the 
final manuscript.

Funding
This research was funded by the Institute of Cancer Research of the founda-
tion Lalla Salma, Morocco, under number N°591/AAP 2017.

Data availability
No datasets were generated or analysed during the current study.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details
1 Laboratory of Biotechnology Lab (MedBiotech), Bioinova Research Center, 
Rabat Medical and Pharmacy School, Mohammed V University in Rabat, 
Rabat, Morocco. 2 Mohammed VI Center for Research and Innovation (CM6), 
Rabat, Morocco. 3 Mohammed VI University of Sciences and Health (UM6SS), 
Casablanca, Morocco. 4 Emergency Department, Military Hospital Moham-
med V, Rabat Medical and Pharmacy School, Mohammed V University, Rabat, 
Morocco. 

Received: 19 March 2025   Accepted: 23 April 2025

References
Abubakar M, Figueroa J, Ali HR, Blows F, Lissowska J, Caldas C, et al. Combined 

quantitative measures of ER, PR, HER2, and KI67 provide more prognostic 
information than categorical combinations in luminal breast cancer. Mod 
Pathol. 2019;32(9):1244–56.

Adeniyi M, Ayoola VB, Samuel TE, Awosan W. Artificial intelligence-driven wear-
able electronics and smart nanodevices for continuous cancer monitor-
ing and enhanced diagnostic accuracy. Int J Sci Res Modern Technol 
(IJSRMT). 2024;3(11):3–18.

Bahreyni A, Mohamud Y, Zhang J, Luo H. Engineering a facile and versatile nan-
oplatform to facilitate the delivery of multiple agents for targeted breast 
cancer chemo-immunotherapy. Biomed Pharmacother. 2023;163:114789.

Bao X, Shi R, Zhao T, Wang Y, Anastasov N, Rosemann M, et al. Integrated analy-
sis of single-cell RNA-seq and bulk RNA-seq unravels tumour heterogene-
ity plus M2-like tumour-associated macrophage infiltration and aggres-
siveness in TNBC. Cancer Immunol Immunother. 2020;70(1):189–202.

Barzaman K, Karami J, Zarei Z, Hosseinzadeh A, Kazemi MH, Moradi-Kalbolandi 
S, et al. Breast cancer: biology, biomarkers, and treatments. Int Immunop-
harmacol. 2020;84:106535.

Bendani H, Boumajdi N, Belyamani L, Ibrahimi A. A decision-aid model for 
predicting triple-negative breast cancer ICI response based on tumor 
mutation burden. BioMedInformatics. 2025;5(1):9.

Birla M, Rajan null, Roy PG, Gupta I, Malik PS. Integrating artificial intelligence-
driven wearable technology in oncology decision-making: a narrative 
review. Oncology. 2025;103(1):69–82.

Carlino F, Diana A, Piccolo A, Ventriglia A, Bruno V, De Santo I, et al. Immune-
based therapy in triple-negative breast cancer: from molecular biology to 
clinical practice. Cancers. 2022;14(9):2102.

Chaurasia A, Culurciello E. LinkNet: exploiting encoder representations for 
efficient semantic segmentation. In2017 IEEE Visual Communications and 
Image Processing (VCIP). 2017. p. 1–4.

Chen Z, Feng R, Kahlert UD, Chen Z, Torres-dela Roche LA, Soliman A, et al. 
Construction of ceRNA networks associated with CD8 T cells in breast 
cancer. Front Oncol. 2022b;12: 883197.

Chen Y, Liu J, Jiang P, Wang L, Pang B, Cao D. Predicting tumor mutation bur-
den of TNBC based on nuclei scores of histopathological images. In2022 
IEEE International Conference on Bioinformatics and Biomedicine (BIBM). 
2022. p. 936–41.

Cheng L, Qiu Y, He L, Wang H, Zheng M, Wang R, et al. Advancing immuno-
therapy in triple negative breast cancer: a novel multimodal theranostic 
nanoplatform integrating synergetic ferroptosis and photothermal 
therapy. Chem Eng J. 2024;485:150057.

Clear KYJ, Wilson AS, Stirling ER, Tsai YT, Payne V, Soto-Pantoja DR, et al. 
Abstract 1423: harnessing the gut microbiome to modulate immune 
checkpoint blockade response in triple-negative breast cancer. Cancer 
Res. 2024;84(6):1423.

Cook D, Biancalana M, Liadis N, Lopez Ramos D, Zhang Y, Patel S, et al. Next 
generation immuno-oncology tumor profiling using a rapid, non-inva-
sive, computational biophysics biomarker in early-stage breast cancer. 
Front Artif Intell. 2023;6:1153083.

Cui S, Feng J, Tang X, Lou S, Guo W, Xiao X, et al. The prognostic value of tumor 
mutation burden (TMB) and its relationship with immune infiltration in 
breast cancer patients. Eur J Med Res. 2023;28(1):90.

Curigliano G, Gelderblom H, Mach N, Doi T, Tai D, Forde PM, et al. Phase I/
Ib clinical trial of sabatolimab, an Anti-TIM-3 antibody, alone and in 
combination with Spartalizumab, an Anti-PD-1 antibody, advanced solid 
tumors. Clin Cancer Res. 2021;27(13):3620–9.

Cuzick J, Dowsett M, Pineda S, Wale C, Salter J, Quinn E, et al. Prognostic value 
of a combined estrogen receptor, progesterone receptor, Ki-67, and 
human epidermal growth factor receptor 2 immunohistochemical score 
and comparison with the genomic health recurrence score in early breast 
cancer. JCO. 2011;29(32):4273–8.

Dieci MV, Miglietta F, Guarneri V. Immune infiltrates in breast cancer: recent 
updates and clinical implications. Cells. 2021;10(2):223.

Dirix L, Triebel F. AIPAC: a Phase IIb study of eftilagimod alpha (IMP321 or LAG-
3Ig) added to weekly paclitaxel in patients with metastatic breast cancer. 
Future Oncol. 2019;15(17):1963–73.

Gao Y, Ventura-Diaz S, Wang X, He M, Xu Z, Weir A, et al. An explainable lon-
gitudinal multi-modal fusion model for predicting neoadjuvant therapy 
response in women with breast cancer. Nat Commun. 2024;15(1):9613.



Page 19 of 20Bendani et al. Bioelectronic Medicine           (2025) 11:13 	

Ge C, Hu X, Zhang L, Li H. RCANE: A Deep Learning Algorithm for Whole-
genome Pan-Cancer Somatic Copy Number Aberration Prediction 
using RNA-seq Data. bioRxiv. 2024. p. 2024.11.03.621681. Available from: 
https://​www.​biorx​iv.​org/​conte​nt/​10.​1101/​2024.​11.​03.​62168​1v1. Cited 15 
Mar 2025.

Goldhirsch A, Winer EP, Coates AS, Gelber RD, Piccart-Gebhart M, Thürlimann 
B, et al. Personalizing the treatment of women with early breast cancer: 
highlights of the St Gallen International Expert Consensus on the primary 
therapy of early breast cancer 2013. Ann Oncol. 2013;24(9):2206–23.

Gou Q, Liu Z, Xie Y, Deng Y, Ma J, Li J, et al. Systematic evaluation of tumor 
microenvironment and construction of a machine learning model to 
predict prognosis and immunotherapy efficacy in triple-negative breast 
cancer based on data mining and sequencing validation. Front Pharma-
col. 2022;13:995555.

Gruosso T, Gigoux M, Manem VSK, Bertos N, Zuo D, Perlitch I, et al. Spatially 
distinct tumor immune microenvironments stratify triple-negative breast 
cancers. J Clin Invest. 2019;129(4):1785–800.

Guo X, Xing J, Cao Y, Yang W, Shi X, Mu R, et al. Machine learning based anoikis 
signature predicts personalized treatment strategy of breast cancer. Front 
Immunol. 2024;15:1491508.

Han X, Guo Y, Ye H, Chen Z, Hu Q, Wei X, et al. Development of a machine 
learning-based radiomics signature for estimating breast cancer TME 
phenotypes and predicting anti-PD-1/PD-L1 immunotherapy response. 
Breast Cancer Res. 2024;26(1):18.

Haslam A, Gill J, Prasad V. Estimation of the percentage of US patients with 
cancer who are eligible for immune checkpoint inhibitor drugs. JAMA 
Netw Open. 2020;3(3):e200423–e200423.

Huang Y, Lin Y. Abstract P3–03–24: Machine learning approach to predict the 
level of tumor-infiltrating lymphocytes of breast cancer via MRI-based 
radiomics. Cancer Res. 2022;82(4_Supplement):P3-03–24.

Jiao Y, Li S, Wang X, Yi M, Wei H, Rong S, et al. A genomic instability-related 
lncRNA model for predicting prognosis and immune checkpoint inhibi-
tor efficacy in breast cancer. Front Immunol. 2022;13:929846.

Jin X, Yan J, Chen C, Chen Y, Huang WK. Integrated analysis of copy number 
variation, microsatellite instability, and tumor mutation burden identifies 
an 11-gene signature predicting survival in breast cancer. Front Cell Dev 
Biol. 2021;9:721505.

Johnson KB, Wei W, Weeraratne D, Frisse ME, Misulis K, Rhee K, et al. Precision 
medicine, AI, and the future of personalized health care. Clin Transl Sci. 
2021;14(1):86–93.

Kang K, Wu Y, Han C, Wang L, Wang Z, Zhao A. Homologous recombination 
deficiency in triple-negative breast cancer: multi-scale transcriptomics 
reveals distinct tumor microenvironments and limitations in predicting 
immunotherapy response. Comput Biol Med. 2023;158:106836.

Khan S, Sarfraz A, Prakash O, Khan F. Machine learning-based QSAR modeling, 
molecular docking, dynamics simulation studies for cytotoxicity predic-
tion in MDA-MB231 triple-negative breast cancer cell line. J Mol Struct. 
2024;1315:138807.

Kim J, Harper A, McCormack V, Sung H, Houssami N, Morgan E, et al. Global 
patterns and trends in breast cancer incidence and mortality across 185 
countries. Nat Med. 2025;31:1154–62.

Kong C, Xu B, Qiu G, Wei M, Zhang M, Bao S, et al. Multifunctional nanopar-
ticles-mediated PTT/PDT synergistic immune activation and antitumor 
activity combined with anti-PD-L1 immunotherapy for breast cancer 
treatment. Int J Nanomedicine. 2022;17:5391–411.

Lai J, Chen Z, Liu J, Zhu C, Huang H, Yi Y, et al. A radiogenomic multimodal and 
whole-transcriptome sequencing for preoperative prediction of axillary 
lymph node metastasis and drug therapeutic response in breast cancer: 
a retrospective, machine learning and international multicohort study. Int 
J Surg. 2024;110(4):2162.

Lee JJ, Powderly JD, Patel MR, Brody J, Hamilton EP, Infante JR, et al. Phase 1 
trial of CA-170, a novel oral small molecule dual inhibitor of immune 
checkpoints PD-1 and VISTA, in patients (pts) with advanced solid tumor 
or lymphomas. JCO. 2017;35(15_suppl):TPS3099–TPS3099.

Li Y, Tang K, Zhang X, Pan W, Li N, Tang B. A dendritic cell-like biomimetic 
nanoparticle enhances T cell activation for breast cancer immunotherapy. 
Chem Sci. 2021;13(1):105–10.

Li H, Liu H, Hao Q, Liu X, Yao Y, Cao M. Oncogenic signaling pathway-related 
long non-coding RNAs for predicting prognosis and immunotherapy 
response in breast cancer. Front Immunol. 2022;13:891175.

Li J, Zhang Y, Cai Y, Yao P, Jia Y, Wei X, et al. Multi-omics analysis eluci-
dates the relationship between intratumor microbiome and host 
immune heterogeneity in breast cancer. Microbiology Spectrum. 
2024;12(4):e04104-e4123.

Li Y, Yue L, Zhang S, Wang X, Zhu YN, Liu J, et al. Proteomic, single-cell and bulk 
transcriptomic analysis of plasma and tumor tissues unveil core proteins 
in response to anti-PD-L1 immunotherapy in triple negative breast 
cancer. Comput Biol Med. 2024;176:108537.

Ligero M, Serna G, El Nahhas OSM, Sansano I, Mauchanski S, Viaplana C, et al. 
Weakly supervised deep learning predicts immunotherapy response 
in solid tumors based on PD-L1 expression. Cancer Res Commun. 
2024;4(1):92–102.

Llinàs-Arias P, Íñiguez-Muñoz S, McCann K, Voorwerk L, Orozco JIJ, Ensenyat-
Mendez M, et al. Epigenetic regulation of immunotherapy response in 
triple-negative breast cancer. Cancers. 2021;13(16):4139.

Lu Z, Xu S, Shao W, Wu Y, Zhang J, Han Z, et al. Deep-learning–based char-
acterization of tumor-infiltrating lymphocytes in breast cancers from 
histopathology images and multiomics data. JCO Clin Cancer Inform. 
2020;4:480–90.

Lu X, Gou Z, Chen H, Li L, Chen F, Bao C, et al. Gene panel predicts neoadjuvant 
chemoimmunotherapy response and benefit from immunotherapy in 
HER2-negative breast cancer. J Immunother Cancer. 2024;12(8):e009587.

Ma Y, Du J, Chen M, Gao N, Wang S, Mi Z, et al. Mitochondrial DNA meth-
ylation is a predictor of immunotherapy response and prognosis in 
breast cancer: scRNA-seq and bulk-seq data insights. Front Immunol. 
2023;14:1219652.

Mao AW, Barck H, Young J, Paley A, Mao JH, Chang H. Identification of a novel 
cancer microbiome signature for predicting prognosis of human breast 
cancer patients. Clin Transl Oncol. 2022;24(3):597–604.

Mao XY, Perez-Losada J, Abad M, Rodríguez-González M, Rodríguez CA, Mao 
JH, et al. iCEMIGE: integration of CEll-morphometrics, MIcrobiome, and 
GEne biomarker signatures for risk stratification in breast cancers. World J 
Clin Oncol. 2022;13(7):616–29.

Mao X, Cai Y, Long S, Perez-Losada J, Mao JH, Chang H. Pan-cancer evaluation 
of clinical value of mitotic network activity index (MNAI) and its predictive 
value for immunotherapy. Front Oncol. 2023;13:1178568.

Mehmood A, Nawab S, Jin Y, Hassan H, Kaushik AC, Wei DQ. Ranking breast 
cancer drugs and biomarkers identification using machine learning and 
pharmacogenomics. ACS Pharmacol Transl Sci. 2023;6(3):399–409.

Mehmood A, Kaushik AC, Wei DQ. DDSBC: a stacking ensemble classifier-
based approach for breast cancer drug-pair cell synergy prediction. J 
Chem Inf Model. 2024;64(16):6421–31.

Mehmood A, Li D, Li J, Kaushik AC, Wei DQ. Supervised screening of 
EGFR inhibitors validated through computational structural biology 
approaches. ACS Med Chem Lett. 2024;15(12):2190–200.

Mehmood A, Li R, Kaushik AC, Wei DQ. Comparative analysis of the genomic 
and expression profiles of ANLN and KDR as prognostic markers in breast 
Cancer. In Silico Pharmacol. 2025;13(1):15.

Mu Y, Fan Y, He L, Hu N, Xue H, Guan X, et al. Enhanced cancer immunotherapy 
through synergistic ferroptosis and immune checkpoint blockade using 
cell membrane-coated nanoparticles. Cancer Nanotechnol. 2023;14(1):83.

Müller M, Huber F, Arnaud M, Kraemer AI, Altimiras ER, Michaux J, et al. 
Machine learning methods and harmonized datasets improve immuno-
genic neoantigen prediction. Immunity. 2023;56(11):2650-2663.e6.

Negahbani F, Sabzi R, PakniyatJahromi B, Firouzabadi D, Movahedi F, Kohan-
delShirazi M, et al. PathoNet introduced as a deep neural network back-
end for evaluation of Ki-67 and tumor-infiltrating lymphocytes in breast 
cancer. Sci Rep. 2021;11(1):8489.

Pardoll DM. The blockade of immune checkpoints in cancer immunotherapy. 
Nat Rev Cancer. 2012;12(4):252–64.

Perera R, Savas P, Senanayake D, Salgado R, Joensuu H, O’Toole S, et al. 
Annotation-efficient deep learning for breast cancer whole-slide image 
classification using tumour infiltrating lymphocytes and slide-level labels. 
Commun Eng. 2024;3(1):1–11.

Presti D, Dall’Olio FG, Besse B, Ribeiro JM, Di Meglio A, Soldato D. Tumor 
infiltrating lymphocytes (TILs) as a predictive biomarker of response to 
checkpoint blockers in solid tumors: a systematic review. Crit Rev Oncol-
ogy/Hematol. 2022;177:103773.

Qi Y, Yan X, Wang C, Cao H, Liu G. Predictive value of PD-L1 expression to the 
efficacy of immune checkpoint inhibitors in advanced triple-negative 

https://www.biorxiv.org/content/10.1101/2024.11.03.621681v1


Page 20 of 20Bendani et al. Bioelectronic Medicine           (2025) 11:13 

breast cancer: a systematic review and meta-analysis. Front Pharmacol. 
2022;13:1004821.

Ramtohul T, Lepagney V, Bonneau C, Jin M, Menet E, Sauge J, et al. Use of 
pretreatment perfusion MRI–based intratumoral heterogeneity to predict 
pathologic response of triple-negative breast cancer to neoadjuvant 
chemoimmunotherapy. Radiology. 2024;312(3):e240575.

Reisenbichler ES, Han G, Bellizzi A, Bossuyt V, Brock J, Cole K, et al. Prospec-
tive multi-institutional evaluation of pathologist assessment of PD-L1 
assays for patient selection in triple negative breast cancer. Mod Pathol. 
2020;33(9):1746–52.

Rivoltini L, Camisaschi C, Fucà G, Paolini B, Vergani B, Beretta V, et al. Immu-
nological characterization of a long-lasting response in a patient with 
metastatic triple-negative breast cancer treated with PD-1 and LAG-3 
blockade. Sci Rep. 2024;14(1):3379.

Sadeghi M, Sadeghi S, Naghib SM, Garshasbi HR. A comprehensive review on 
electrochemical nano biosensors for precise detection of blood-based 
oncomarkers in breast cancer. Biosensors. 2023;13(4). Available from: 
https://​www.​mdpi.​com/​2079-​6374/​13/4/​481.

Seban RD, Arnaud E, Loirat D, Cabel L, Cottu P, Djerroudi L, et al. [18F]FDG PET/
CT for predicting triple-negative breast cancer outcomes after neoadju-
vant chemotherapy with or without pembrolizumab. Eur J Nucl Med Mol 
Imaging. 2023;50(13):4024–35.

Seyhan AA, Carini C. Are innovation and new technologies in precision 
medicine paving a new era in patients centric care? J Transl Med. 
2019;17(1):114.

Shamai G, Livne A, Polónia A, Sabo E, Cretu A, Bar-Sela G, et al. Deep learning-
based image analysis predicts PD-L1 status from H&E-stained histopa-
thology images in breast cancer. Nat Commun. 2022;13(1):6753.

Shen HY, Xu JL, Zhu Z, Xu HP, Liang MX, Xu D, et al. Integration of bioinformat-
ics and machine learning strategies identifies APM-related gene signa-
tures to predict clinical outcomes and therapeutic responses for breast 
cancer patients. Neoplasia. 2023;45:100942.

Shiravand Y, Khodadadi F, Kashani SMA, Hosseini-Fard SR, Hosseini S, Sadeghi-
rad H, et al. Immune checkpoint inhibitors in cancer therapy. Curr Oncol. 
2022;29(5):3044–60.

Tavares MC, Sampaio CD, Lima GE, Andrade VP, Gonçalves DG, Macedo MP, 
et al. A high CD8 to FOXP3 ratio in the tumor stroma and expression of 
PTEN in tumor cells are associated with improved survival in non-meta-
static triple-negative breast carcinoma. BMC Cancer. 2021;21(1):901.

Teng C, Song X, Fan C, Man S, Hu Y, Hou Y, et al. Breast cancer clinical outcomes 
and tumor immune microenvironment: cross-dialogue of multiple epige-
netic modification profiles. Aging. 2024;16(10):8998–9022.

Triki H, Declerck K, Charfi S, Ben Kridis W, Chaabane K, Ben Halima S, et al. 
Immune checkpoint CD155 promoter methylation profiling reveals 
cancer-associated behaviors within breast neoplasia. Cancer Immunol 
Immunother. 2022;71(5):1139–55.

Tzeng A, Sangwan N, Jia M, Liu CC, Keslar KS, Downs-Kelly E, et al. Human 
breast microbiome correlates with prognostic features and immunologi-
cal signatures in breast cancer. Genome Medicine. 2021;13(1):60.

Vitorino M, de Baptista Almeida S, Alpuim Costa D, Faria A, Calhau C, Azambuja 
Braga S. Human microbiota and immunotherapy in breast cancer - a 
review of recent developments. Front Oncol. 2022;11:815772.

Wang X, Wang L, Bu H, Zhang N, Yue M, Jia Z, et al. How can artificial intel-
ligence models assist PD-L1 expression scoring in breast cancer: results of 
multi-institutional ring studies. NPJ Breast Cancer. 2021;7(1):1–10.

Wang XQ, Danenberg E, Huang CS, Egle D, Callari M, Bermejo B, et al. Spatial 
predictors of immunotherapy response in triple-negative breast cancer. 
Nature. 2023a;621(7980):868–76.

Wang Z, Mehmood A, Yao J, Zhang H, Wang L, Al-Shehri M, et al. Combina-
tion of furosemide, gold, and dopamine as a potential therapy for breast 
cancer. Funct Integr Genomics. 2023b;23(2):94.

Wang T, Wang S, Li Z, Xie J, Du K, Hou J. Machine learning unveils key 
Redox signatures for enhanced breast cancer therapy. Cancer Cell Int. 
2024;24(1):368.

Widmaier M, Wiestler T, Walker J, Barker C, Scott ML, Sekhavati F, et al. 
Comparison of continuous measures across diagnostic PD-L1 assays in 
non-small cell lung cancer using automated image analysis. Mod Pathol. 
2020;33(3):380–90.

Yin WM, Li YW, Gu YQ, Luo M. Nanoengineered targeting strategy for cancer 
immunotherapy. Acta Pharmacol Sin. 2020;41(7):902–10.

Yin J, Gu T, Chaudhry N, Davidson NE, Huang Y. Epigenetic modulation of 
antitumor immunity and immunotherapy response in breast cancer: 
biological mechanisms and clinical implications. Front Immunol. 
2023;14:1325615.

Yu Y, Dong L, Dong C, Zhang X. Validation of a proteomic-based prognostic 
model for breast cancer and immunological analysis. Int J Genomics. 
2023a;2023(1):1738750.

Yu Z, Zhu Y, Ji J. Multi-omics analysis revealing a senescence-relevant lncRNAs 
signature for the assessment of response to immunotherapy for breast 
cancer. Medicine. 2023b;102(28):e34287.

Yu Y, Cai G, Lin R, Wang Z, Chen Y, Tan Y, et al. Multimodal data fusion AI 
model uncovers tumor microenvironment immunotyping heteroge-
neity and enhanced risk stratification of breast cancer. MedComm. 
2024;5(12):e70023.

Zhang M, Wang N, Song P, Fu Y, Ren Y, Li Z, et al. LncRNA GATA3-AS1 facilitates 
tumour progression and immune escape in triple-negative breast cancer 
through destabilization of GATA3 but stabilization of PD-L1. Cell Prolif. 
2020;53(9):e12855.

Zhang D, Wang Y, Yang Q. A high epigenetic risk score shapes the non-
inflamed tumor microenvironment in breast cancer. Front Mol Biosci. 
2021;8:675198.

Zhang C, Zhai W, Ma Y, Wu M, Cai Q, Huang J, et al. Integrating machine learn-
ing algorithms and multiple immunohistochemistry validation to unveil 
novel diagnostic markers based on costimulatory molecules for predict-
ing immune microenvironment status in triple-negative breast cancer. 
Front Immunol. 2024;15:1424259.

Zhang X, Chen Y, Cai C, Wang Y, Tan J, Fang Z, et al. Artificial intelligence 
predicts multiclass molecular signatures and subtypes directly from 
breast cancer histology: a multicenter retrospective study. Int J Surg. 
2025;111:3109. https://​doi.​org/​10.​1097/​JS9.​00000​00000​002220.

Zhao S, Yan CY, Lv H, Yang JC, You C, Li ZA, et al. Deep learning framework for 
comprehensive molecular and prognostic stratifications of triple-nega-
tive breast cancer. Fundam Res. 2022;4(3):678–89.

Zhao J, Sun Z, Yu Y, Yuan Z, Lin Y, Tan Y, et al. Radiomic and clinical data integra-
tion using machine learning predict the efficacy of anti-PD-1 antibodies-
based combinational treatment in advanced breast cancer: a multicen-
tered study. J Immunother Cancer. 2023;11(5):e006514.

Zhou Y, Zhou J, Shi H, Hu Z, Yang Y, Jiang Z, et al. Abstract P5–02–12: prognos-
tic relevance of PD-L1 expression on circulating tumor cells in metastatic 
breast cancer patients treated with anti-PD-1 immunotherapy. Cancer 
Res. 2023;83(5):P5-02–12.

Zhou Y, Yang Z, Zeng H. An aging-related lncRNA signature establishing for 
breast cancer prognosis and immunotherapy responsiveness prediction. 
PGPM. 2024;17:251–70.

Zhu JY, Lyu AQ, Wang ZT, Chan WY, Qin T, Miu KK, et al. Machine learning-
devised immune-related lncRNA signature panel predicts the prognosis 
and immune landscape in breast cancer novel IRLP signature in BRCA. J 
Immunol Res. 2022;2022(1):3704798.

Zhu H, Hu H, Hao B, Zhan W, Yan T, Zhang J, et al. Insights into a machine 
learning-based palmitoylation-related gene model for predicting the 
prognosis and treatment response of breast cancer patients. Technol 
Cancer Res Treat. 2024a;23:15330338241263434.

Zhu D, Zeng S, Su C, Li J, Xuan Y, Lin Y, et al. The interaction between DNA 
methylation and tumor immune microenvironment: from the laboratory 
to clinical applications. Clin Epigenetics. 2024b;16(1):24.

Zou X, Liu Y, Wang M, Zou J, Shi Y, Su X, et al. scCURE identifies cell types 
responding to immunotherapy and enables outcome prediction. Cell 
Rep Methods. 2023;3(11):100643.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://www.mdpi.com/2079-6374/13/4/481
https://doi.org/10.1097/JS9.0000000000002220

	Revolutionizing breast cancer immunotherapy by integrating AI and nanotechnology approaches: review of current applications and future directions
	Abstract 
	Background
	AI-based transcriptomic analysis
	AI-based proteomic analysis
	AI-based histopathological analysis
	AI-based radiomic analysis
	AI-based microbiomic analysis
	AI-based genomic analysis
	AI-based epigenetic analysis
	AI-based multi-omic analysis
	Computational modeling in breast cancer immunotherapy
	Nanotechnology in breast cancer immunotherapy
	The AI-driven healthcare landscape
	Limitations and future directions

	Conclusions
	Acknowledgements
	References


